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ABSTRACT
The X-ray synchrotron emission of each of the young supernova-remnants (SNRs) SN1006, Kepler,
Tycho, RCW86 and Cas A, is roughly given by νLν ∼ 10
45 erg/t, where t is the remnant’s age.
The electrons emitting the X-ray emission cool fast, implying that the X-ray emission is calorimetric
and equal to half of the cosmic ray (CR) electron acceleration efficiency (per logarithmic interval
of particle energies, at multi TeV energies). Assuming Sedov-Taylor expansion, the resulting CR
electron yield per SNR is estimated to be E2dNe/dE ≈ 6νLνt ∼ 10
46erg. This is about two orders
of magnitudes below the required amount for explaining the observed electron CRs at E ∼ 10GeV.
Possible resolutions are 1. a soft acceleration spectrum allowing much more energy at E ∼ 10GeV
compared to E ∼ 10TeV, 2. an increased acceleration efficiency at later phases of the SNR evolution
(unlikely), or 3. SNRs are not the source of CR electrons.
Subject headings: Supernovae
1. X-RAYS: ELECTRON CR YIELD PER SNR IS
∼ 1046ERG
One of the most exciting developments in the high en-
ergy study of supernovae remnants (SNRs) is the iden-
tification of non-thermal X-rays which are likely due to
synchrotron emission of multi-TeV accelerated electrons
(e.g. Koyama et al. 1995; Fink et al. 1994; Allen et al.
1997). An interesting aspect of this emission is that the
non-thermal flux of the nearby young SNRs , Cas A,
Kepler, Tycho, RCW86 and SN1006 is found to be of
similar magnitude, νfν,X ∼ 10
−10ergs cm−2 s−1 (see ta-
ble 1). This is in striking contrast with the non-thermal
radio flux of these remnants. The radio flux of Cas A is
∼ 100 times larger than that of other nearby remnants.
TABLE 1
Nearby young, shell supernova remnants
SNR da ta fν(1GHz)a νfν,X
b νLν,X · t
[kpc] [yr] [Jy] [erg cm−2s−1] [1045erg]
Cas A 3.4 ∼ 300 2700 ∼ 3× 10−10 ∼ 4
Kepler 2.9 400 20 ∼ 3× 10−11 ∼ 0.4
Tycho 2.4 400 60 ∼ 10−10 ∼ 1
RCW86 2.3 ∼ 2000c 50 ∼ 10−10 ∼ 4
SN1006 2.2 1000 20 ∼ 10−10 ∼ 2
aAdopted from Green (2009) based on expansion and shock ve-
locity estimates from proper motions or Hα line widths.
bNon thermal emmision, estimated from (Berezhko et al. 2006;
Araya & Cui 2010; Giordano et al. 2012; Lemoine-Goumard et al.
2012; Acero et al. 2010)
cAssuming this is the remnant of the SN at 186AD (e.g.
Stephenson & Green 2002)
The likely explanation for the significant difference be-
tween the radio and X-ray properties (both emitted by
accelerated electrons which interact with the magnetic
field in the remnant) is that the high energy electrons
that emit the X-rays are efficiently cooled by this emis-
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sion (e.g. Vink & Laming 2003). While the radio emis-
sion strongly depends on the magnetic field value B,
L(1GHz) ∝ B3/2, the X-ray is calorimetric and indepen-
dent of B, being proportional to the acceleration rate.
The difference in radio flux thus likely results from a
large difference in magnetic field value. The condition
for fast cooling can be verified directly by comparing the
cooling time and the age of the remnants. The cooling
time, tcool = ε/ |ε˙|, of an isotropic distribution of elec-
trons with energies ε = γmec
2, moving through a mag-
netic field B and therefore emitting synchrotron with a
luminosity −ε˙ = (4/3)γ2σT (B
2)/(8pi)c at a typical fre-
quency ν ≈ γ2eB/(10mec
2) is approximately:
tcool ≈60yr
( ε
20TeV
)
−1
(
B
100µG
)
−2
≈60yr
(
hν
keV
)
−1/2 (
B
100µG
)
−3/2
. (1)
The magnetic fields in these remnants have to be large
given that the X-ray emission is & 100 brighter than the
TeV emission (Albert et al. 2007; Aharonian et al. 2008,
2009; Acero et al. 2010; Acciari et al. 2011). A minimal
magnetic field
B & 30µG
(
νLν,TeV
0.01νLν,X
)
−1/2
(2)
is required so that the X-ray emission is sufficiently
brighter than the Inverse Compton emission from the
same electrons as they interact with the CMB photons.
The large magnetic fields imply cooling times of multi-
keV emitting electrons which are shorter than the age of
the remnants, supporting the fast-cooling interpretation.
Given that the X-rays are calorimetric, they directly
probe the acceleration efficiency of electrons,
νLν,syn =
1
2
ε2
dN˙e,SNR
dε
, (3)
2where dN˙e,SNR/dε is the generation rate of accelerated
electrons at the shock and the factor of 0.5 is due to the
fact that the synchrotron frequency is proportional to the
square of the electron energy so d log ε = 0.5d log ν. We
next relate this luminosity to the total yield of electrons.
Like other cosmic rays, the electrons are trapped within
the SNR and eventually lose their energy due to adia-
batic expansion. Once the SNR becomes radiative, the
CRs can escape. We conservatively assume that the CRs
in the remnant at the latest phases escape the SNR with-
out further losses. Assuming a constant fraction of the
thermal energy behind the shock is converted to CRs, the
electron CR energy is constant during the Sedov-Taylor
phase (e.g. Chevalier 1983). This CR electron energy,
ε2dNe,SNR/dε (assumed to be independent of ε), is given
by
ε2
dNe,SNR
dε
= Arε
2 dN˙e,SNR
dε
t ≈ 6νLν,synt (4)
where Ar ≈ 3 is a dimensionless coefficient which is ap-
proximately equal to 3 and is calculated in § A based on
the results of Chevalier (1983).
Given the non-thermal X-rays of these SNRs,
νLν,synt ∼ 1 × 10
45erg, the implied CR electron yield is
of order ∼ 1046erg, which is a tiny fraction of the super-
nova energy, ESNR ∼ 10
51erg. In fact, as we next argue,
this is about two orders of magnitudes smaller than the
required yield in order to account for the observed CR
electrons.
2. OBSERVED YIELD (1046ERG) IS TWO ORDERS
OF MAGNITUDE LESS THAN THE REQUIRED
YIELD (1048ERG)
Consider next the yields required in order to produce
the CR electrons observed at earth. We focus on elec-
trons with energies ε ∼ 10GeV, which are sufficiently
energetic to be unaffected by solar modulation and not
energetic enough to be susceptible to energy losses within
the lifetime ( 105yr) of a SNR (see equation 1, with a typ-
ical late-phase magnetic field of B ∼ 10µG). The pro-
duction rate of electrons at ε ∼ 10GeV is roughly (e.g.
Strong et al. 2010, section § B).
ε2dN˙e,MW/dε ∼ 3× 10
38erg s−1. (5)
Assuming a galactic supernova rate of N˙SN,MW ∼
1/(50 yr), the required output of electrons per SNR is
ε2
dNe,SNR,req
dε
= ε2
dN˙e,MW
dε
/N˙SN,MW ∼ 5× 10
47erg,
(6)
which is 1.5 − 2 orders of magnitude larger than the
observed one. A few possibilities for resolving this dis-
crepancy are:
1. The acceleration efficiency at low, 10GeV energies
is much higher than the at the ∼ 10TeV energies
where electrons emit the synchrotron X-rays. An
upper limit for the acceleration at low energies can
be obtained by the radio observations:
ε2
dNe,SNR
dε
= 3× 1046erg
×
( ν
GHz
)
−1/2 fν,syn
30Jy
(
B
100µG
)
−3/2 (
d
3kpc
)2
. (7)
For the lowest allowed magnetic field values of
∼ 30µG, an energy of ∼ 2 × 1047erg is possible,
bridging a significant part of the gap.
2. The acceleration efficiency becomes stronger at
later phases of the SNR evolution. We find this un-
likely given that the shock slows with time implying
lower thermal particle energies and likely smaller
injection to the acceleration process.
3. SNRs are not the source of CR electrons.
The uncertainties in these rough estimates are suffi-
ciently large that SNRs cannot be ruled out as the source
of CR electrons. However, given the likely decline in
CR acceleration efficiency at later times when the shock
is slower, and taking into account that some adiabatic
losses are expected when the CRs are eventually released,
we believe that the observed low efficiency poses a serious
challenge. The most exciting possibility is that SNRs are
not the main source of CR electrons and that the actual
source is yet to be found.
We thank Kohta Murase and Kfir Blum for useful dis-
cussions.
APPENDIX
RELATION BETWEEN ENERGY AND LUMINOSITY IN THE SEDOV-TAYLOR PHASE
Following Chevalier (1983), we consider a spherical blast wave propagating with a shock velocity vs = r˙s into
a surrounding medium with constant density ρ0 . It is assumed that a constant fraction ω of the pressure in the
immediate post shock region is carried by accelerated cosmic rays, ω = pCR/(pCR + pt). Assuming the cosmic rays
do not diffuse significantly and are always relativistic, the hydrodynamic evolution at late times is self similar. The
radius evolves similarly to the Sedov-Taylor solution
rs =
(
αE
ρ0
)1/5
t2/5 (A1)
where E is the total, constant energy and α a dimensionless number that depends on ω. Equation (A1) implies that
vs =
2
5
rs
t
(A2)
3Conservation of energy, mass and momentum across the shock implies that
ρ0
ρs
=
γs − 1
γs + 1
, pCR =
2ω
γs + 1
ρ0v
2
s (A3)
where
γs =
5 + 3ω
3(1 + ω)
, (A4)
and ρ is the post-shock density.
Using equations (A3),(A2), the CR acceleration rate can be expressed as
Lr = M˙
3pCR
ρs
=
192piω(γs − 1)
125(γs + 1)2
ρ0r
5
s
t3
(A5)
where
M˙s = 4pir
2
svsρ0 (A6)
is the mass flux across the shock and 3pCR/ρs is the energy carried by CRs per unit mass in the immediate post-shock
region. Using equations (A1),(A5) the following relation between the total energy in CRs and the CR acceleration
rate is obtained,
Ar =
Er
Lrt
=
Er
E
E
Lrt
=
Er
E
125(γs + 1)
2
192piω(γs − 1)α
. (A7)
For ω = 0.01, 0.1, 0.5, 0.9, 0.99 Chevalier (1983) found the values α = 1.98, 1.70, 1.18, 1.00, 0.976 and Er/E =
0.031, 0.24, 0.64, 0.78, 0.80 respectively. Using equations (A7),(A4) we find for all ω that (see figure 1)
Ar = 3± 0.5. (A8)
This result can be applied to a subset of accelerated CRs and in particular to the electrons accelerated to a given
logarithmic interval of energies. It should be kept in mind that due to adiabatic expansion, the electrons estimated in
this way will have different energies at different locations in the remnant, but with a constant logarithmic interval.
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Fig. 1.— The relation between the CR energy ECR, the age t and the acceleration rate LCR in Sedov-Taylor expansion based on the results
of Chevalier (1983). The energy is given by ECR = ArLCRt, where Ar is a function of the acceleration efficiency, ω = pCR/(pCR + pt). Ar
is calculated using equation (A7), and the values of ω,α,and ECR/E obtained by Chevalier (1983, table 6).
CR ELECTRON LUMINOSITY OF THE MILKEY WAY
Given that positrons and electrons have similar trajectories and energy losses as they propagate through the galaxy,
the production rate of electrons can be calculated using the measured electron to positron ratio and the known
production rate of positrons:
ε2
dN˙e,MW
dε
∼
ne−
n+e
ε2
dN˙e+
dε
∼ 4× 1038ergs−1 (at ε ∼ 10GeV) (B1)
where the positron fraction at 10GeV is measured to be (Adriani et al. 2009; Aguilar et al. 2013)
n−e
ne+
≈ 20 (B2)
4and the production rate of positrons is given by
ε2
dN˙e+
dε
≈
1
ρISM
ε2
dn˙e+
dε
Mgas ∼ 2× 10
37ergs−1 (B3)
where Mgas ∼ 10
10Msun is the gas mass in the galaxy, and the production rate of positrons per unit ISM mass is (e.g.
Katz et al. 2010; Blum et al. 2013):
1
ρISM
ε
dn˙e+
dε
|10GeV = ζA>1C
(
ε
dnp
dε
)
|100GeV
σpp,0
mp
c (B4)
where C = 0.6 is found from p − p cross sections, ζA>1 ≈ 1 is the correction due to the presence of CRs other than
protons, σpp,0 ≡ 30mb and ε
dnp
dε (10GeV) ≈ 2.1×10
−13cm−3 is the proton CR density (per logarithmic particle energy,
Moskalenko & Strong 1998), implying
1
ρISM
ε2
dn˙e+
dε
≈ 1.1× 10−6erg s−1 g−1. (B5)
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